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12
).Asoutlinedin
Ref.[6],theeffectivetransitionhamiltonianH
eff
canbeexpandedintodifferentordersing.Forthe
presentpurposes,theexpansioningisexpectedtoconvergerapidly.First,chancesarerela-
tivelysmallthatvirtualphotonswillinteractwithheavilycorrelatedthree,four,...-
nucleonclustersatnormalnucleardensities.Further,two-bodyphotoabsorptionisanticipatedto
4
representthedominantabsorptionmechanismintwo-nucleonknockoutprocesses,thusgivinganatu-
ralconstraintontheexpansionintothedifferentordersofg.Theconvergenceoftheclusterexpansionin
thedifferentordersofgr
12
hasrecentlybeeninvestigatedforthe
4
He(e,e
0
d)casebyLeidemannetal.
[7].Theyconcludedthatinthe(e,e
0
d)caseafirstordercalculationwouldbesufficientto
incorporatethemaineffectsoftheSRC.Thedeviationbetweenthefirstorderandfullcalculationwas
foundtogrowwithincreasingmissingmomentump
m
butremainedreasonableoverthewholep
m
range.
FIG.1. Centralcorrelationfunctionfor
16
Oasobtainedinvariousapproximations.
Withintheadoptedassumptionstheeffectiveinteractionhamiltonian(6)reads:
H
eff


A
X
i1
J
1

i  
A
X
i<j1

J
1

i J
1

j

gr
ij
A
X
i<j1
J
2

i; j
 
1  gr
ij

: (7)
Strictlyspeaking,thiseffectiveinteractionhamiltonianalsocontainstermsing
y
J

andg
y
J

g.Allof
thoseterms,however,involvefinal-statecorrelationsthataccordingtoEq.(4)refersolelyto
thecoordinatesoftheA-2spectatornucleons.Assuchtheydonotcontributetothematrixelementsof
Eq.(5).Inderivingtheexpression(7)wehavefurtherneglectedallthree-andfour-body
operators.Thelatterrequirerespectivelythreeandfouractivenucleonsinthevirtualphoton
absorptionprocess.Weexpectthesemechanismstoproducesmallcontributionsinthetwo-nucleon
breakupchannel.Itremainstobeinvestigatedwhetherthesemulti-bodyoperators(N3)give
risetosizeablethreeandmorenucleonknockoutstrength.Thefirsttermintheeffectivetransition
5
hamiltonian(7)doesnotcontributetothetwo-nucleonknockoutchannel.ThesecondtermisatypicalSRC
effectandwillbereferredtoasthe"SRCcurrent"intheremainderofthispaper.Forthelon-
gitudinalone-bodyoperatorweconsiderthechargedensity(neglectingtheDarwin-Foldyterm)J
1
0
P
A
i1
e
i

~
r  
~
r
i
.Thetransverseone-bodycurrentJ
1
1
whichispartoftheSRCcurrentisconstructed
fromthecommonconvectionandmagnetizationterm.Thetwo-bodycurrentJ
2

isdeterminedalongthelinesex-
plainedinRef.[1].Inshort,wehaveconsideredalldiagramswithoneexchangedpionincludingthosewith
anintermediate
33
excitation.Inthenon-relativisticlimit,thetransversecurrentoperatorthat
originatesfromthisprocedurehasseveralcomponentsincludingtheseagull,pion-in-flightand-isobar
term.ThecorrectionforthefiniteextensionoftheinteractinghadronstoJ
2

ishandledinthestandardman-
nerbyintroducingamonopoleNNformfactorwithacutoffmass

1250MeV/c
2
,whichisconsistent
withtheBonnbosonexchangemodelforthenucleon-nucleoninteraction.Inthecontextof(,NN)reac-
tions,thecorrelationfunctiongr
ij
inthelasttermoftheinteractionhamiltonian(7)wasshowntopro-
duceanoverallreductionofthetwo-bodycurrentcontributionJ
2

oflessthan10%[8].Forthecalcu-
lationspresentedbelowthiseffecthasbeenneglected.
Inthechoiceofthecentralcorrelationfunctiongwehavebeenledbytheapparentsuccessoftherecent
VariationalMonteCarlo(VMC)[5,4]andFermiHypernettedChain(FHNC)calculations[9]
intreating
complexnuclei.InthecalculationsofRef.[9]aGaussiancorrelationfunctiongr
12
e
 r
2
12
wasput
forward.For
16
Othefollowingvaluesforthetwoparameterswereobtained:=0.51and
=1.52fm
 2
.InFig.1wecomparethisFHNCresultwiththecorrelationfunctionobtainedwith
VMCtechniques.Itisnotedthatthetwoindependentcalculationsproducecentralcorrelationsthat
bearastrongresemblancewitheachother.AllresultspresentedbelowareobtainedwiththeGaussian
correlationfunction.TheVMCcorrelationfunctionwascheckedtoproduceverysimilarresults.
Inthecalculationofthetwo-nucleonknockoutcrosssectionswedonotattempttoincludethefull
complexityofthefinalstateinteractionandadoptadirectknockoutreactionmodel.Thismeansthat
withinourmodelassumptionsphotoabsorptiononacorrelatednucleonpairdoesimplythattheactive
nucleonsareejectedfromthetargetsystemandbecomeasymptoticallyfreeparticles.Thedistorting
effectoftheresidualA-2systemonthewavefunctionsfortheescapingparticlesisimplemented.This
isaccomplishedbyperformingapartialwaveexpansionforbothoftheescapingparticlesintermsofthe
eigenfunctionsofamean-fieldpotential[10].Inthisprocedure,theinitialandfinalstateare
guaranteedtoremainorthogonal,thusavoidingspuriouscontributionsenteringthematrixele-
ments.Thisisparticularlyofimportanceforthesemi-exclusivecalculations,whereintegrations
overalargefractionofphasespacearecarriedout.Themaineffectofthedistortionsonthecalculated
e; e
0
NNcrosssectionsisareductionrelativetotheresultsobtainedinaplanewaveapproach.Assuchthe
effectofthedistortionsissimilartowhatwasobservedfor;NNreactions[10].Alsointheopticalpo-
tentialcalculationsofRef.[11]thefinalstateinteractionwasreportedtobringaboutamoderate
6
reductionofthetwo-nucleonknockoutcrosssections.
FIG. 2. Crosssectionsforthe
12
C(e,e
0
pp)
10
Be((1p
3=2
 2
)reactionincoplanarandsym-
metricalkinematics(
p

p
0
).Thedashedlineshowsthecontributionfromintermediate
33
creation.
ForthesolidlinetheSRCtermhasbeencoherentlyaddedtothe
33
term.
Calculatedcrosssectionsforthe
12
C(e,e
0
pp)
10
Bereactionleavingtheresidualnucleusina
(1p
3=2
 2
two-holestateareshowninFig.2.Thepresentedcrosssectionsareobtained
inso-calledcoplanarandsymmetricalkinematics[12](
p
0
o
;
p
0
180
o
and
p

p
0
).Thekinetic
energyforoneoftheejectedprotonswasfixedsuchthatT
p
=T
p
0for
p

p
0 90
o
.ForthecurvesofFig.2we
havesummedoverthetwopossiblevaluesforthemomentumJ
R
(0and2)inwhichtheresidualnucleuscanbe
created.IntheabsenceofcorrelationsbeyondtheIPM,thesolecontributingtwo-bodycurrenttothe
(e,e
0
pp)channelisofisobaricorigin.ThekinematicsforFig.2a)aretakenfromarecent
NIKHEF-K
12
C(e,e
0
pp)experiment[14].ThecurvesofFig.2b)areobtainedinmorelongi-
tudinalkinematics(thelongitudinalpolarization
L
v
L
=2v
T
is0.85forkinematicsb)and0.30for
a)).AlthoughtheeffectoftheSRCisslightlybiggerinmorelongitudinalkinematics,thepredicted
increaseinthecrosssectionislessthanafactoroftwointhepeakofthecrosssection.
The(e,e
0
pp)resultspresentedinRefs.[12,15]predictamuchstrongersensitivityto
theSRCforsomeparticularchoicesofthecorrelationfunction.Particularlywiththeso-called
"omy"correlationfunction[13]spectacularincreasesinthe(e,e
0
pp)crosssectionswere
observed.Forcompletenessthehard-core"omy"correlationfunctionhasbeenaddedtoFig.1.The"omy"
7
correlationfunctionhasbeenderivedbyminimizingtheground-stateenergyof
16
Owitharathercrude
formofthenucleon-nculeoninteractionthathasastate-independenthardcoreradiusc=0.6fm
[13].Itisobviousthatinthe"omy"parametrizationthecentralcorrelationcorrectionstothe
wavefunctionsaremuchbiggerthanwhatmoderntheoriespredict.Asimilartypeoftrendisobserved
withrespecttotheeffectoftheSRConthe(e,e
0
pp)crosssections,confirmingtheirsensitivitytothe
choiceofthecorrelationfunction.
Althoughtwo-nucleonknockoutreactionsremainobviouschoicestostudynucleon-nucleon
correlations,inwhatfollowsweillustratethat(e,e
0
p)studiescanbeusedtotesttheoriesofSRC
whenperformedundercarefullyselectedkinematics.Inparticular,wewillconcentrate
onthesemi-exclusive(e,e
0
p)reactionperformedathighmissingmomenta(
~
p
m
~
p
p
 
~
q)andenergies
(E
m
! T
p
 T
A 1
).Resultsofcalculationsforthesemi-exclusive
12
C(e,e
0
p)reactioninclud-
ingshort-rangeeffects,pion-exchangeandisobariccurrentsareshowninFig.3.Thekinematics
arefromRef.[16]representingthefirstsemi-exclusive(e,e
0
p)measurementonacomplex
nucleusforawholerangeofprotonangles.Thecalculationshavebeenperformedalongthelinesexplained
inRefs.[1,17].Themodelassumesthatthesemi-exclusivestrengthabovethetwo-nucleonemission
thresholdarisesfromtwo-nucleonknockout.Consequently,thecalculationsinvolveanintegration
overphasespaceoftheundetectedparticle(eitheraprotonoraneutron)andasumoverallpos-
siblequantumstatesj J
R
M
R
>oftheresidualnucleus.Accordingly,thesemi-exclusive(e,e
0
p)
crosssectionsaredeterminedbytwo-nucleonknockoutmatrixelementsofthetype(5).Justasforthe
(e,e
0
NN)channeltherelativeimportanceofthedifferenttypesofcorrelationscanbeinvestigatedby
retainingaselectednumberoftermsintheinteractionhamiltoninanofEq.(7).LookingatFig.3itbe-
comesclearthattheSRCcontribution(dottedline)representsasizeablecontributionofthemeasuredstrength
attheforwardprotonangles.Atbackwardprotonangles,theSRCcontributionbecomesmarginalandthe
calculatedcrosssectionisdominatedbythepionicandisobaricdegreesoffreedom.Assuch,thedataatlarge

p
'sareidealtogaugethemeson-exchangepartofthecrosssection.Asthedirectionofprotondetectionmoves
closerto
~
q,itisnotbutaftercoherentlyaddingtheshort-andlong-rangetermsintheeffectiveinter-
actionhamiltonianthatareasonableoveralldescriptionofthedatacanbeobtained.
Itisworthinvestigatingthedrivingmechanismbehindtheprotonangledependenceintherelative
importanceofthedifferentphotoabsorptionmechanisms.Aswillbecomeclearinthecourseofthis
paragraph,anaturalexplanationofthequalitativefeaturesoftheSRCcrosssectionsinFig.3is
providedbythetwo-nucleoncorrelationmodel(TNC)asdevelopedbyCiofidegliAttietal.
[18,19].InthemostnaiveversionoftheTNCmodelitisassumedthattheshort-rangecorrelationsin
finitenucleiaregovernedbythoseconfigurationsinwhichthehighmomentumofaboundnucleon
~
p
m
isbalanced
byaamomentum 
~
p
m
ofacorrelatednucleonandthattheremaining(A-2)nucleonsactasspectatorsin
thisprocess.DiscardingalleffectsrelatedtotheFSIthispicturepredictsthefollowingrelation
betweenmissingenergyandmomentumincaseofemissionofacorrelatednucleon[19,20]:
8
FIG. 3. Calculatedcontributionfromthetwo-nucleonbreakupchanneltothesemi-exclusive
12
C(e,e
0
p)reactionfor=478MeV,!=212MeVandq=270MeV/c.ForthedottedlineonlytheSRC
currentisretained.Thedot-dashedlinerepresentstheresultwhenonlyaccountingforthepion
degreesoffreedom(includingintermediate
33
creation).Thesolidlineisobtainedwhencoherentlyadding
theshort-rangeandmesoniccontributions.ThedataarefromRef.[16].Theprotonanglesare
expressedrelativetothedirectionofthemomentumtransfer
~
q.Fortheforwardprotonangles
(27,42and74
o
)theazimuthalangle
p
180
o
,fortheotherangles
p
0
o
.
9
Em
 S
NN
< E
hh
0
x
>
A  2p
2
m
2A 1M
N
; (8)
whereS
NN
istheseparationenergyfortwo-nucleonknockoutand< E
hh
0
x
>theaverageexcitationen-
ergyofthetwo-holestatej h
 1
h
0 1
>inwhichtheA-2systemiscreated(inthe
12
Ccasereasonableval-
uesare< E
1p
2
x
>=0MeV,< E
1p1s
x
>=25MeVand< E
1s
2
x
>=50MeV).Itisworthmentioningthatthe
aboverelation(8)isbasedonpurelykinematicalarguments.WhenappliedtothekinematicsofFig.3
theaboverelationpredictsamaximizedlikelihoodtoejectcorrelatedprotonsforE
m
 85MeV
p
27
o
,
E
m
 95MeV
p
42
o
,E
m
 130MeV
p
74
o
,E
m
 155MeV
p
107
o
,E
m
 165MeV
p
131
o
andE
m
 170MeV
p
162
o
.ThisobservationexplainswhythepeaksofthedottedcurvesshifttohigherE
m
withincreasingprotonangle.AnotherstrikingfeatureofthedottedcurvesinFig.3isthatSRC
effectslooseinimportanceastheprotonanglebecomeslarger.Thiscanbeexplainedbyconsideringthat
forthebackwardprotonanglesverylargemissingmomentaareprobedandthattheprobabilitytofinda
nucleonisasteadilydecreasingfunctionwithgrowingmomentum.Fromtheabovediscussionitisclear
thatourdynamicandmicroscopicmodeltodealwiththeSRCeffectsseemstoreproducethetrends
predictedbytheTNCmodelthatisbasedonpurelykinematicalgrounds.
Summarizing,wehavedevelopedamicroscopicmodelthataimsatestimatingthequantitative
effectofSRCon(e,e
0
pp)and(e,e
0
pn)crosssectionsincomplexnuclei.Inourapproach,boththe
effectsoftheSRCinthenuclearwavefunctionsandthepion-exchangecurrentsinthephotoabsorption
mechanismaretreated.ThelatterareshowntobehighlycompetitivewiththeSRCandnecessaryto
obtainareasonableagreementwiththesemi-exclusive
12
C(e,e
0
p)dataofarecentNIKHEF-K
experiment.Evenforthe(e,e
0
pp)crosssectionstheeffectoftheSRCwasfoundtobeofsimilar
magnitudethanthestrengthcreatedbyintermediate
33
creation.Further,ourmicroscopic
approachconfirmsthatsemi-exclusive(e,e
0
p)reactionscanbeveryusefultoolstotestdifferent
theoriesofSRC,providedthattheyareperformedundersuitablekinematics.
ThisworkwassupportedbytheNationalFundforScientificResearch(NFWO).
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